The mechanism of rectification of the inwardly rectifying potassium channel was examined with single. channel recording techniques in isolated ventricular myocytes from adult guinea pig heart. Inward, or anomalous, rectification describes the property that potassium (K) current can enter the cell at potentials negative to the potassium equilibrium potential, EK, more readily than it can leave the cell at positive potentials. Voltage ramps applied to single inward rectifier channels in cell-attached patches produced singlechannel currents that rectified strongly with a marked reduction in current at a potential near EK. At more positive potentials no current could be detected. Rectification was influenced by external and internal K concentrations. Singlechannel activity, which usually disappears rapidly in excised patches, could be maintained by removing calcium from the internal solution. Rectification could be eliminated by excision of the patch into an internal solution in which free magnesium (Mg2e) was reduced to <1 ,uM, and it could be restored by the addition of 1 mM Mg2e to the internal solution. At intermediate concentrations of Mg2+, intermediate degrees of rectification were obtained, and the current at potentials positive to EK was often interrupted by brief closures. These studies suggest that rectification is due to internal block by Mg2+, possibly the result of rapid block of the open channel.
ABSTRACT
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The cardiac cell membrane is noted for its striking inward rectification of K current, in which the magnitude of inward K current at membrane potentials negative to the potassium equilibrium potential (EK) greatly exceeds the magnitude of outward current at positive potentials. This rectification of the K current has been inferred to play an important role in maintaining the long-duration plateau of the cardiac action potential and its subsequent rapid repolarization and in determining the resting potential (1, 2) . Although the phenomenon ofinward rectification was described >30 years ago in skeletal muscle (3) and has been extensively studied in egg cells (4) and muscle (5) , the mechanism responsible for rectification has remained largely unknown. An unusual property of inward rectifier K currents is that the voltage around which the conductance rectifies depends on the concentration of extracellular K, approximately paralleling EK, so that the permeant ion K appears to regulate its own passage through the channel. Several mechanisms have been proposed to explain rectification, including a gate of the channel (6, 7) with binding sites for K that control the opening and closing of the gate (8) , an asymmetric channel whose internal pathway for ion flow allows K entry into the cell with greater facility than K exit (9, 10) , or blockage of the channel by an internal blocking particle that could occlude the channel when it was driven into the open channel by the membrane voltage (11) (12) (13) .
I have examined rectification of the K channel responsible for the inwardly rectifying current, iK1, in ventricular cardiac myocytes (1) . Some of the single-channel properties of this channel have been described (7, (14) (15) (16) . To investigate rectification of the single channel, voltage ramps were used to obtain the current-voltage relationship of a single channel rapidly and to examine the effect of potassium and internal divalent ions on the single-channel rectification. Here I present evidence that suggests that Mg2" block from the intracellular side of the membrane is the mechanism of rectification of the cardiac ventricular inward rectifier.
METHODS
Single myocytes were isolated from the left ventricle of adult guinea pig hearts (17) and maintained in a modified Tyrode solution at 19-210C for up to 6 hr before use. The Tyrode solution, also used as the solution bathing the cells for some of the recordings, contained 136 mM NaCl, 5.4 mM KCl, 2.5 mM CaCl2, 1 mM MgCl2, 0.33 mM Na2PO4, 10 mM Hepes, 10 mM glucose, 2 mM pyruvate, 4 mM mannitol, and 0.6 mM thiamine, titrated to pH 7.3 with NaOH.
Single channels were recorded in cell-attached patches, cell-attached patches on permeabilized cells, or excised inside-out patches (18, 19) . With cell-attached patches on intact cells, either the cells were bathed in Tyrode solution and potential was expressed relative to the cell membrane potential or the cells were depolarized by bathing them in a solution of 150 mM KCI/5 mM Hepes, titrated to pH 7.3 with KOH. For the calculations of EK in cell-attached recordings, the intracellular K concentration was assumed to be 140 mM (20) , and with cells in Tyrode solution the cell membrane potential was assumed to be -77 mV (2, 7) .
In recordings from cell-attached patches on permeabilized cells, the distal tip of the cell was permeabilized by a 10-sec exposure to a 0.1% saponin solution delivered by second patch pipet, and the intracellular solution of the cell was allowed to exchange with the bath solution (19) . For cellattached patches on permeabilized cells or excised inside-out patches, the solution on the internal side of the membrane contained KCl and 5 mM Hepes, titrated to pH 7.3 with KOH, and, in some experiments, sucrose, Na2ATP or K2ATP, and/or MgC12 as indicated. ATP was included in internal solutions to prevent opening of the ATP-dependent K channel (21, 22) . Free magnesium (Mg2+) in internal solutions was buffered with ATP, and its concentration was estimated by using an apparent dissociation constant of 50 ,uM (23 (25) .
Voltage ramps of single channels have the advantage of rapidly recording the I-V relationship of a single channel over a wide voltage range. However, as with steady-state measurements, they suffer from the inability to detect very fast gating or blocking events.
RESULTS
Rectification of the current through the inward rectifier can be seen in the single-channel currents elicited by voltage ramps. Fig. 1 The dependence of the rectification point on potassium concentration is shown in Figs. 2 and 3 . Average I-V curves for single channels in cell-attached patches with different K concentrations in the pipets (Fig. 2) show that the rectification point shifted to more positive potentials when external K was increased. The direction of the shift parallels the change in EK. At 27 mM external K, the conductance rectified within a few mV of EK. With greater external K, the rectification point shifted to the right, but the magnitude of the shift was less than the change in EK, particularly with the highest external K concentration. The single-channel conductance at negative potentials depended approximately on the square root of the external K concentration, as found for the conductance of egg inward rectifier macroscopic and singlechannel currents (4, 26, 27) and previously reported for single channels of the cardiac inward rectifier (14) . The shape of the negative limb of the I-V curve was linear or slightly saturating for low external K and hyperbolic for high external K concentrations.
To examine the effect of internal K on channel rectification, cell-attached patches were obtained near the middle of a cell, and the distal tip of the cell was permeabilized by a brief exposure to saponin. Monovalent ions in the solution bathing the cell exchanged rapidly with the cell interior. Changes in internal K produced changes in the rectification of the single-channel current (Fig. 3) . The slope conductance at potentials just negative to EK decreased when the internal K was decreased. This produced a broadening in the conductance-voltage relationship. The voltage at which the conductance rectified shifted slightly in the direction of the change in EK. The magnitude of the current at more negative potentials was little changed because it was determined mainly by the K concentration on the external (pipet) side of the membrane patch, which remained constant.
A probable candidate for the source of rectification was discovered when patches ofmembrane were excised from the cell in the inside-out configuration (cytoplasmic side of the membrane facing the bath solution). The method for retaining channel activity in excised patches will be described below.
Rectification was removed by excising the inside-out membrane patch into an internal solution containing no divalent cations. Fig. 4 shows single-channel I-V records from a cell-attached patch (Fig. 4A) and after excising the patch in an inside-out configuration (Fig. 4B) . Rectification of the single-channel current was eliminated between -96 and +96 mV, as can be seen by the appearance of outward current and the nearly linear I-V relationship. Occasionally the current was interrupted by closings at the most positive potentials during the 115-msec voltage ramp (Fig. 4B, right) .
Rectification was restored by the addition of magnesium to the internal solution. The effect of varying the concentration of internal free magnesium (Mg2+) is shown for another excised inside-out patch in Fig. 5 . When the patch was excised into an internal solution with an estimated 1.2 mM Mg2+ (Fig. SB) , the single-channel current rectified as it did in the cell-attached patch (Fig. SA) . Subsequent removal of MgCl2 from the internal solution caused a loss of rectification (Fig. SC) , as evidenced by outward current at positive potentials. The effect of Mg2+ was reversible: when 1.2 mM Mg2+ was restored to the internal solution, the current again rectified (Fig. 5D) (Fig. 5 E and F). In these records, the outward current at positive potentials was composed of rapid noisy transitions between open and closed levels during the voltage ramp. In all patches examined, removal of rectification in the absence of internal divalent cations (n 25) and its subsequent restoration by internal Mg2+ (n = 10) were consistently observed in >200 single-channel I-V records for each patch; Identical results were obtained when 4 mM adenylyl (j3,ytmethylene)diphosphonate (Boehringer Mannheim)j a hydrolysis-resistant analog of ATP, was used instead of ATP in the internal solution for inhibition of the ATP-dependent K channel.
Either Ba2+ or Ca2+ could substitute for Mg2+ in producing channel rectification. An interesting additional effect of adding Ba2+ to the internal solution was that the singlechannel activity did not decline after excising the patch. Single-channel activity of the inward rectifier has been reported to disappear rapidly in excised patches (19, 22) . Single-channel activity also could be retained by removing residual calcium ions from the solution bathing the internal surface of the membrane. When free calcium was exchange of the internal solution to one with 10 ,uM-1 mM Ca2+ caused a loss of channel activity within a few minutes.
The appearance of outward current and removal of rectification were observed immediately after excising patches into divalent cation-free internal solution. In contrast, with cell-attached patches on cells that had been permeabilized with saponin, the absence of divalent cations in the internal solution slowly (5-20 min) began to remove rectification, and the amount of outward current usually was slight at the end of an experiment of 20-50 min in duration. It is possible that this slow and incomplete removal ofrectification is caused by poor exchange of divalent cations in these relatively intact permeabilized cells. The long-lasting activity of single channels in permeabilized cells also might be a consequence of buffering of divalent ions such as Ca2+. block of Ca-activated K channels by internal monovalent ions (25, 32) , and block ofcurrent through Ca channels by external divalent ions (33) . Block by Mg2+ has been observed from the extracellular side of the membrane for the glutamate-activated channel (34, 35) and from both sides for the cGMPactivated channel of vertebrate photoreceptors (36, 37) .
Open-channel block is characterized by interruptions of the single-channel current that become more frequent as the concentration of the blocker increases. At high concentrations of the blocker, the single-channel current appears to decrease because the channel is blocked most of the time and the rapid blocking and unblocking of the channel are no longer resolved. Rectification is a consequence of channel block due to the voltage-dependent entry of blocker from one side of the membrane. The effect of Mg2+ on the inward rectifier shows all of these traits indicative of open-channel block.
Another property of rectification that can be understood in terms of a blocking mechanism is the dependence of the rectification point on K concentration. The effect of an internal monovalent blocker on channel rectification was modeled by Hille and Schwarz (12 (4, 5, 27, (38) (39) (40) . External block of the inward rectifier reduces inward current and so is in the opposite direction to the effects reported here describing the mechanism of inward rectification. In the present study, no divalent ions were included in the pipet solution bathing the external side of the membrane patch, but the amplitude of the inward singlechannel currents is comparable to other studies of this channel in which 1 mM Mg2+ was present in the pipet (7, 14) . (41) and frog skeletal muscle (10, 42) ; however, the conductance-voltage relationship was broadened with low internal K. This is consistent with the results reported here for the cardiac channel in which the shift in the conductance-voltage relationship was slight, but the curve was broadened. Broadening of the conductance-voltage relationship may be a result of partial loss of internal blocking ions, since it was less marked in excised patches bathed in internal solutions with 1 mM Mg2+. Differences between the inward rectifiers are apparent in the kinetics of rectification. In contrast to the nearly "instantaneous" rectification of the cardiac channel, inward rectification in egg and skeletal muscle includes slow and instantaneous components. It is likely that internal Mg2+ block also plays a role in the rectification of these channels, but the blocking and unblocking rates could be slower, particularly for egg cells, where the slow rectification process is of the order of tens of msec.
It is tempting to speculate that the rapid loss of channel activity that occurs in excised patches upon the addition of Ca2+ to the internal solution points to another mechanism that the cell might use to regulate the activity of the inward rectifier channel. Membrane-bound Ca-dependent enzymes such as phosphatases, kinases, or proteases might control the number of active inward rectifiers, particularly during the action potential when Ca2+ concentrations increase. Such a Ca-dependent phosphatase has been implicated in Ca-dependent inactivation and "washout" of calcium currents in dialyzed molluscan neurons (43) .
